The effect of temperature on respiration of mitochondria and tissue segments from three wheat (Triticum aestivum L.) and one rye (Secale cereale L.) cultivar grown at 2 and 24 C has been examined. Discontinuities in Arrhenius plots of respiratory activity against temperature were observed for mitochondria and tissue segments from seedlings grown at both temperatures. The rates of respiration decreased abruptly below the transition temperatures, resulting in increased energy of activation values for respiration. Transition temperatures were observed from 6 to 10 C during tissue segment respiration, and from 10 to 14 C during respiration by isolated mitochondria. Respiratory control and efficiency of phosphorylation were not affected markedly by either reaction temperature or growth temperature of the seedlings. No correlation was observed between the cold hardiness of the cultivars and the temperature at which structural transitions occurred in the mitochondria. Dry matter content of the seedlings increased markedly during growth at 2 C, but no appreciable changes in the levels of mitochondrial protein were observed. The results support the view that changes other than fatty acid unsaturation are involved in the abrupt change in mitochondrial membrane properties at low temperature.
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Arrhenius plots of the respiration rates of isolated mitochondria show that the apparent energy of activation of respiration increases abruptly with decreasing temperature in mitochondria from chilling-sensitive, but not from chilling-resistant plants (7) . Other studies on plant mitochondria (2, 9, 14) also revealed discontnuities in Arrhenius plots of respiration rate and the activity of membrane-bound enzymes. No correlation was observed between the temperature at which the discontinuities occur and the susceptibility of several apple cultivars to chilling injury (9) .
The observed increase in Ea2 at low temperature is considered due to a temperature-induced change in the lipid component of mitochondrial membranes (13) have demonstrated temperature-induced phase changes in mitochondria of several plant species (9, 10, 13). Wade et al. (17) reported similar temperature-induced phase changes in the membranes of glyoxysomes, mitochondria, and proplastids from germinating castor bean endosperm. Spin label studies also have revealed temperature-induced phase changes in mitochondria and endoplasmic reticulum membranes from rat and sheep liver (15) . Recently we examined the structural and functional responses of wheat mitochondrial membranes to growth at low temperature (10) . Three possible temperature-dependent structural transitions were identified in the mitochondria by spin labeling and the shift in one of these transitions appeared to be quantitatively greater in the winter-hardy cultivars. Respiration rates, respiratory control, and ADP/O ratios measured at 24 C declined slightly in cold-grown material, but the changes were not related to cold hardiness of the cultivars. This paper describes the effect of reaction temperature on mitochondrial and tissue respiration of three wheat and one rye cultivar of contrasting cold hardiness.
MATERIALS AND METHODS
Seedlings of wheat (Triticum aestivum L. cv. Kharkov, Cappelle Desprez, and Marquis) and rye (Secale cereale L. cv. Puma) were germinated and grown to the same stage of morphological development on moist filter paper in the dark at 24 and 2 C for approximately 2 days and 4 weeks, respectively. Cold hardiness of seedlings was determined in triplicate, as previously described (12) . Mitochondria were isolated from the shoots by differential centrifugation and 02 consumption was measured polarographically at 2-degree intervals from 0 to 24 C using two conventional Clark oxygen electrodes inserted into 1.5 ml reaction chambers (11) . The substrate used throughout was 10 mM a-ketoglutarate and state 3 oxidations were induced by addition of small aliquots of ADP (100 AM). Mitochondrial protein was determined in BSA-free suspensions by the method of Lowry et al. (5) . Arrhenius To determine respiration rates of shoot segments for the four cultivars, shoots were cut into 2-mm segments, weighed, infiltrated with reaction medium (11) under reduced pressure for 5 min, and 02 consumption on 0.1 g lots was measured in reaction medium alone using a Clark oxygen electrode. Preliminary experiments established that the rate of 02 consumption by shoot segments was unaffected by the addition of substrate or ADP. It was also observed that 02 consumption was initially very rapid, but after 2 or 3 min the rate gradually declined, presumably due to reduced diffusion of 02 into the tissue at reduced 02 tensions. Consequently, all determinations of respiration rates were made during the first min after temperature equilibrium had been established. Mitochondrial protein of 24 and 2 C grown seedling shoots was determined and respiratory rates of the shoot segments were expressed on a mitochondrial protein basis. Dry weight of each 0.1 g lot of shoot segments was obtained after determination of respiration by drying to constant weight at 80 C. Arrhenius plots of respiration rates and Ea values were obtained as described above.
RESULTS
The levels of hardiness of Marquis, a spring wheat, and Cappelle, an unhardy winter wheat, increased only slightly during growth at 2 C (Table I ). The hardiness of Kharkov, a hardy winter wheat, increased to -14 C, while Puma, a hardy rye cultivar, hardened to -18 C. Dry matter content of all cultivars increased markedly during growth at 2 C, but was not correlated with the levels of cold hardiness. This is in accord with the general observation that protoplasmic constituents of plant cells increase during growth at low temperature. Mitochondrial protein levels were similar from 2 and 24 C grown seedlings, and again no appreciable differences among cultivars were observed.
Arrhenius plots of respiration rates showed that the pattern and rate of respiration were similar for the four cultivars grown at 2 and 24 C (Fig. 1 ), although respiratory rates were consistently higher in shoot segments than in isolated mitochondria. Discontinuities in the Arrhenius plots were observed for both segments and mitochondria from 2 and 24 C grown material. The rates of respiration decreased linearly as the reaction temperature was decreased from 24 C. At 10 to 14 C for mitochondria and 6 to 10 C for segments, respiratory rate decreased abruptly and this reduced rate was maintained as the tempera- The temperatures at which the abrupt changes in respiration rates were observed in shoot segments and mitochondria of all cultivars are presented in Table II . Within the error of estimation, the transition temperatures for mitochondria were several degrees higher than those observed in segments and only slight differences were observed either between cultivars or between growth temperatures. Transition temperatures for 24 C grown shoot segments of all cultivars were similar, whereas at 2 C transition temperatures were lower for Puma and Kharkov, the cold hardy cultivars.
Respiratory control and ADP/O ratios were determined from polarograph traces of mitochondrial respiration of the four cultivars grown at 2 and 24 C. Mitochondria isolated from seedlings from both growth conditions exhibited relatively good respiratory control values (4-5.5 ) during respiration at the high end of the temperature range. As the temperature was reduced, respiratory control decreased slightly, and at the lower end of the temperature range, values varied from 2.5 to 4. The observed variations with temperature were not great, and correlation coefficients varied from r = 0.2 for Marquis to r = 0.8 for Puma for both 2 and 24 C grown seedlings. ADP/O ratios approached the theoretical maximum of four during oxidation of c-ketoglutarate by mitochondria from both 2 and 24 C grown wheat and rye seedlings, and in general, ADP/O ratios were not appreciably altered by changes in reaction temperature.
DISCUSSION
A single discontinuity was observed in Arrhenius plots of respiration rates of mitochondria and tissue segments from each of the four cereal cultivars (Fig. 1) , and the estimated transition temperatures fell in the same range reported for several chilling sensitive plant species (2, 7, 13) . Transition temperatures are difficult to establish accurately, but in general they have been found to occur between 6 and 14 C in chilling-sensitive plants.
Our results suggest that transition temperatures occur at lower temperatures in tissue segments (6-10 C) than in isolated mitochondria (10-14 C) (Table II) , possibly due to changes that occur during isolation of mitochondria. A direct comparison between isolated mitochondria and shoot segments may not be relevant since in shoots 02 must diffuse through other cell membranes to the site of utilization in the mitochondria. The rates of 02 consumption by segments were observed to be diffusionlimited and hence the possibility remains that the temperature of breaks in Arrhenius plots may be affected by a change in permeability of the cell membranes to 02 rather than a change only in activation energy for membrane-bound respiratory enzymes.
The present study demonstrated only one break in the Arrhenius plots whereas a recent paper (19) has reported two temperature-dependent transitions in sweet potato mitochondria, one at 8 to 10 C and a second at 16 to 18 C. The two transitions were attributed to the phase transition in the phospholipid of the protein-lipid complex being gradually induced over a broad temperature range. The two transition points may then correspond to the initial and final temperatures of the phase change.
The observation that respiratory control and ADP/O ratios are not appreciably influenced by reaction temperature demonstrates that, although the rate of oxidation of substrates is markedly reduced at low temperature, the efficiency of the phosphorylating system and the coupling of electron transport to oxidative phosphorylation are not impaired. These findings agree with results reported by Lyons and Raison (7) for several plant species grown or stored at nonchilling temperatures, where they found no effect of temperature from 25 to 1.5 C on either (10) to increase markedly during growth at 2 C, but transition temperatures were similar for 2 and 24 C grown seedlings (Table II) . The mole percentage of unsaturated fatty acids in the mitochondrial membranes is similar for chilling-resistant plants (8) and 2 C grown wheat seedlings (10) , and yet breaks in the Arrhenius plots of respiration rates are observed in mitochondria from wheat seedlings, but not from the chilling-resistant plants. These observations further support the earlier suggestion that changes other than fatty acid unsaturation are involved in the abrupt change in membrane properties at low temperature.
